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cry

(a)

FIG. 1. Structure of selenium, (a) Projection on the basal
plain of the selenium helices. a0 is the length of the hexagonal
edge, while u is the radius of the helices, (b) Side view of the
chains: d\ is the covalent (intrachain) bond length, while d2

is the interchain bond length.
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TABLE IV. Known properties of the exact density functional

Property pLDA
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t 'x( t ')> t 'c( r) ~~* finite value, r —* 0

VN »

LDA~liixiit for constant p(x) G) Q

' 1.44 < c < 1.C8

»/JA(r) = A3/J( Ar); c /7$(r) = Ap(Ax, y, r ) ; " pJ»A(r) = A2p( A*, Ay, r)

' Note that Ec [px] < AJEC [P] . A < 1 is equivalent to Ec [pA] > Aiic [/>], A > 1.
1 Bui it diverges to +rx>

* U V for exponential /»(r), but WN" in general, e.g. t^^{r) —- —!/?• for a gau*sian.
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FSppi, Umrigar, and Taut: Density functionals for a soluble model

~ "* I Vp | . Perdew-Wang *91 exchange functional:11

1295

|Vp|

All the parameters that appear in the following functionals
are in atomic amis.

(A2)

where Ax= - (3/4) (3/ir)1/3.

LDA correlation functional (Perdew-Wang13):

(All

where a=0.0310907, a,=O.2l3 70, #,=7.5957,
02=3.5876, /33= 1.6382, and ft=0.492 94.

Langreth-Mehl exchange-correlation functional:1*

(A4)

(A5)

where F=b\Vp\/pm, b=(9v)mf, «=*v
and /=0.15.

Perdew-Wang '86 exchange

f1+0-0864 ~+b/+e *j ,

whene JK=1/15, * = 14 and c=0.2.

m 16 correlation functional:15

(A6)

(A7)

where

•=1.745 |vp|

Cc(p)=C,+ (A8)

and /=0 .11 , C,=0.001667, C2=O.OO2 568,
Cj=0.023 266, C4=7.389Xl0-6, C5=8.723, C6=0.472,
C,=7.389X1O-2.

where «,=0.196 45, a2=7.7956,
a4=-0.1508, and a5=0.004.

Perdew-Wang *>1 correlatioa factional:11

where

(A9)
a3=0.2743,

(AID)

Z32 2a

and a=OJ09, 0=0.066 726 3212, Q , = 15.7559,
Crf =0.003 521. The function Cc(p) is the same as for the
Perdew-Wang '86 correlation functional. ee\p) is defined

Bccke *88 exchange functional:*

where x= 2(6V) 1 / 3 j=2 1 / 3 |Vp| /p 4 / 3 , ^ ,=(3/4)
(3/ir)1/3, and/3=O.OO42.

Wilson-Levy correlation functional:12

a p+b\Vp\/p1/3

5 — (A12)

where <z= -0.748 60, *=0.060 01, c=3.6OO73, and
</=0.90000.

Oosed shell Lee-Yang-Parr correlation functional:16

<e=-a \+dp-

n-l/3

where

9

(A13)

(A14)

and CF=3/10(3iT2)2/3, c=0.049 18, 6=0.132, c=0.2533,
and d=0.349.

'P. Hohenberg and W. Kohn, Phys. Rev. 136, B864 (1964).
2W. Kohn and L. J. Sham, Phys. Rev. 140, A1133 (1976).
3N. R. Kestner and O. Sinanoglu, Phys. Rev. 128, 2687 (1962).
4P. M. Laufer and J. B. Krieger, Phys. Rev. A 33, 1480 (1986).
3S. Kais et at, J. Chem. Phys. 99, 417 (1993).
'M. Taut, Phys. Rev. A (in press).

' A D. Becke, Phys. Rev. A 33, 3098 (1988).

J. Chem. Phys., Vol. 100. No. 2,15 January 1994
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FIG. 8. First waJaMiam energy of atoms in due local-density
(LD)), ioeai spia-^femty (LSSM, and Hartree-Fock (HF) approxi-

cooipareil with experimeat. The numbers show the
muubeii of the atoms eonsidered. For reasons of clari-

ty, the zero of energy is shifted by S, 10, and IS eV for the
secoad cow, the third row, aad the transition-element row, re-
speebwdy. The LD resotts for the first and second rows are in-
creased toy am additional 2 eV.

Rev. fllod. «•»«., Vol. «<, Mo. 3. July 4989
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FIG. 2. Exchange-correlation factor fxc{q) of the electron
gas at rs = 5. The circles give the present MC results,
with the curve A being an interpolation of the calculated
points [see Eq. (7)] and curves B and C showing two
approximations [14,15], The horizontal dashed and dotted lines
give, respectively, /.tc(0) and /.tc(°°), while the dotted curve
gives the large q behavior of fxc(q)-
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. FIG. 4. Exchange-correlation; hole* x c (r.r') ... . ;.
(Eq. 15) for a hydrogen atomj. The full curve shows ..
the exact hole, Wbtti the dashed curves, depict Hie hole

- in tbe'li) approximation (Eq. (16)] for .various positions',
of the electron (6,1, and 2 a.u. from, the proton), using
the dielectric function of Singwi et ol (Ref. 37): .The
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'FIG. 6. Spherical average of the hydrogen XC hole
[Bq. (16)] times r" for r - 1 and 2 a.u. as a function of
r". The full curves give the exact results and the
dashed curves are calculated in the LD approximation.
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of the Schroedinger equation for charged bosons and
the correlation energies, to locate the transitions

An exact
fermJons has b*m
to their respeetfcre erystei phaaea at zero temperature within 10%, and to establish the
stability at fabcmwCUte d*va«Ua of a ferromagnetic ffidd of electrons.

0 40 200

FIG. 2. The energy of the four phases studied relative to that of the lowest boson state times ra
2 in*r

r, In Bohr radii. Below r, = 160 the Bose fluid is the most stable phase, while above, me Wigner crystal is
•table. The energies of the polarized and unpolarized Fermi fluid are seen- to intersect at ry = 75.-
(ferromagnetic) Fermi fluid is stable between r, = 75 and rs = 100, the Fermi Wigner crystal
the normal paramagnetic Fermi fluid below ra = 75. ...-:. ! , i ~
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SELF-CONSISTENCY IN DENSITY FUNCTIONAL THEORY
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1 2 3 4

FIG. 1. Spberafiy averaged density mirl m pound state of
carbon atora as a fraction of distance r from aweleus.

%n

FIG. 6. Demity of metallic Fe and Cu as a function of the ra-
dius r. The dcmity n is expressed in terms of the parameter rs,
where n = ( 4 « T / / 3 ) ~ I .
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electrons + ions

,3*(r, R) = R
at

H(r,p,R,P) = T,(P) + Te(p)

, R)

r = i,
3(iV + M ) variables

Exactly solvable: Hydrogen atom, harmonic oscillator.
Numericaly solvable: single-particle problems.

Nevertheless

• GS geometry within 1-2 %

• elastic constants within 5-10 %

• lattice vibrations within a few %

• phase transitions under pressure correctly described

• and much more ...

Thanks to

• Adiabatic Approximation

• Density Functional Theory

• Powerful Computers and Efficient Algorithms
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